Total protein extraction was conducted on three biological replicate samples (leaf and spikelet 1 3 5 material from independent plants) per wheat cultivar according to our previously described 1 3 6 procedure with minor modifications (Vu et al., 2017) . Details can be found in the Ammerbuch-Entringen, Germany). After flushing the trapping column, peptides were loaded 1 4 6 in solvent A (0.1% formic acid in water) on a reverse-phase column (made in-house, 75 µm 1 4 1 7 2 8 Vizcaíno et al., 2016) with the dataset identifier PXD008703. Next, the 'Phospho(STY).txt' 1 7 3 output file generated by the MaxQuant search was loaded into the Perseus (version 1.5.5.3) 1 7 4 data analysis software available in the MaxQuant package. Proteins that were quantified in at 1 7 5 least two out of three replicates from each temperature were retained. Log2 protein ratios of 1 7 6 the protein LFQ intensities were centered by subtracting the median of the entire set of protein 1 7 7 ratios per sample. A two-sample test with a p-value cut-off p<0.01 was carried out to test for 1 7 8 differences between the temperatures. Besides, phosphopeptides with 3 valid values in one 1 7 9 condition and none in the other were also retained and designated "unique" for that condition. analyses, the Motif-X algorithm (Chou and Schwartz, 2011) was used to extract significantly 1 8 8 enriched amino acid motifs surrounding the identified phosphosites. The sequence window 1 0 increased temperature in wheat, we subjected both leaf and spikelet samples from the 60 min 2 2 3 time point to our phosphoproteomic workflow (Vu et al., 2016) . Advances in the wheat reference sequence assembly provide a solid basis for proteome 2 2 8 studies in wheat (Brenchley et al., 2012;  International Wheat Genome Sequencing Supplementary Table S2 ). In spikelet 2 3 3 samples, our workflow led to the identification of 5581 phosphopeptides containing 7023 2 3 4 phosphosites located on 2696 proteins (Figure 2 and Supplementary Table S3 ). As a 2 3 5 comparison, we performed a second search using the earlier published protein sequence unpublished IWGSC RefSeq v1.0 assembly, resulted in an increase of 30% and 34% of 2 3 9 identifications compared to the search using the previous search database that identified 3975 2 4 0 and 5234 phosphosites for leaf and spikelet samples, respectively. This seems to correlate 2 4 1 with the increase of 36.5% in the number of entries in the new database compared to the old 2 4 2 database, supporting the quality of the new wheat reference sequence assembly. To our 2 4 3 knowledge, this is currently the largest set of identified phosphosites in the Triticum family. The identified phosphosites in this study were added to our PTMViewer 2 4 5 (bioinformatics.psb.ugent.be/webtools/ptm_viewer/) (Vu et al., 2016) . In addition, we found 2 4 6 1 1 several phosphosites that were differentially regulated between normal (21 or 24°C) and Phosphosites that exhibited valid values in one condition and none in the other indicate a 2 5 2 massive change in phosphorylation levels. For the wheat leaves, we could identify 13 2 5 3 phosphosites that only occurred in the 34°C samples and 32 phosphosites unique for the 24°C 2 5 4 condition (Figure 2 and Supplementary Table S4 ). On the rest of the wheat leaf dataset, we and 63 significantly downregulated phosphosites at high temperature (Supplementary Table   2 5 8 S5). Proteins with phosphosites uniquely identified in either conditions and significantly in the GO terms of stress-induced processes such as response to heat, protein folding (Zhu, temperature (Sun et al., 2002; Kotak et al., 2007) . In our leaf data set, we furthermore 2 7 0 identified several differential phosphorylation sites of HSPs at 34°C (Supplementary and T420 of TaHSP60-3A, was not differentially phosphorylated after 1 h exposure to 34 °C. This suggested that HSP90 and HSP60-3A protein abundance is likely not the basis for the 2 7 6 increase in S224 and S577 phosphopeptide increase, respectively. Noticeably, our dataset indicated that the phosphoproteome of the photosynthesis Supplementary Table S5 ). In addition, an actin-binding protein 2 8 2 (TraesCS1D01G422700.2), whose homologue in Arabidopsis (CHUP1) is important for 2 8 3
proper chloroplast positioning (Oikawa et al., 2008) , was found to be considerably less 2 8 4 phosphorylated at S157 upon high temperature ( Supplementary Table S4 ). Besides, a 2 8 5 kinesin-like protein (TraesCS7D01G176200.1, homologous to Arabidopsis KAC1) is highly 2 8 6 phosphorylated in its kinesin motor domain (S444) in response to high temperature 2 8 7
( Supplementary Table S4 ). Both CHUP1 and KAC1 regulate the accumulation of ( Supplementary Table S4 ). In Arabidopsis, STY46 and its homologues STY8 and STY17 2 9 7 facilitate import of chloroplast preproteins by phosphorylation of their N-terminal transit 2 9 8 peptide (Lamberti et al., 2011) . On the other hand, many chloroplast proteins are integrated 2 9 9 into the chloroplast outer membrane (COM) without any cleavable signal sequence (Hofmann with chloroplast specific lipid markers and facilitates the insertion of COM proteins into the 3 0 2 chloroplast outer membrane (Kim et al., 2014) . It is speculated that the regulatory mechanism 3 0 3 of this process involves conformational changes of AKR2 via PTMs (Kim et al., 2014) . Here, 3 0 4
we showed that phosphorylation of the AKR2 homologue in wheat 3 0 5 (TraesCS4A01G328600.1) at S404 is two-fold upregulated in response to higher temperature 3 0 6 ( Supplementary Table S5 ). While protein import in chloroplasts has been shown to be indicated that this response, especially to high temperature, is highly regulated by In conclusion, our temperature-mediated leaf phosphoproteome pinpointed 3 1 1 photosynthesis as a central target of higher temperature and identified several phosphorylated 3 1 2 residues on key components for further functional characterization. For the wheat spikelet, we identified 79 phosphosites that are only present in the 34°C wheat spikelet dataset (phosphosites with at least 2 valid values in temperature condition; significantly downregulated phosphosites at elevated temperature ( Supplementary Table   3 2 2 S7). Proteins with phosphosites uniquely identified in either condition and significantly 3 2 3 deregulated phosphoproteins from the statistical test were combined and GO analysis was 3 2 4 performed similarly as for the leaf samples (Figure 4 and Supplementary Figure S3 ). The folding, response to heat, response to hydrogen peroxide. Similar to the leaf GO enrichment Reproductive development in plants is known to be greatly dependent on the decreased ( Supplementary Table S7 ). In contrast, an ubiquitin protease, been demonstrated that phosphorylation is crucial for the activity of histone-modifying 3 4 1 enzymes (Pflum et al., 2001; Schmitz et al., 2008; Xu et al., 2015) . and TraesCS7B01G110600.1 (at S1668 and S1671), was massively induced by heat 3 4 6 1 5
( Supplementary Table S6 ). The Arabidopsis homologue, SPLAYED (SYD), is known to be 3 4 7 a co-repressor during floral transition (Wagner and Meyerowitz, 2002) . In contrast, 3 4 8 phosphorylation of S1728 in the SNF2 ATPase TraesCS6B01G048200.2 is 1.7-fold 3 4 9 downregulated ( Supplementary Table S7 ). Its homologue in Arabidopsis, BRAHMA and inflorescence architecture, mainly via interaction with the transcription factor KNAT1 3 5 2 (Zhao et al., 2015) . Interestingly, a wheat homologue of KNAT1, TraesCS5B01G410600.1, 3 5 3 was also less phosphorylated at high temperature ( Supplementary Table S7 ). In conclusion, our data suggested that an increase in ambient temperature can alter In total, we identified 2491 identical phosphosites in both organs, which account for 48% and were commonly downregulated in both organs (Figure 5 and Supplementary Table S8 ).
6 6
Notwithstanding the considerable overlap between the phosphosites identified in both organs, Among the common higher temperature-induced phosphosites, phosphorylation of 3 7 0 S464 of the pseudouridine synthase TraesCS2B01G177000.1 was increased 1.6-fold and 1.9- coding RNAs can be induced in stress conditions and is important for the regulation of gene 3 7 3 expression, and involved in splicing, translation and decay of mRNA (Karijolich et al., 2015) . On the other hand, three different translation initiation factors are present among the 3 7 5 commonly regulated proteins with downregulated phosphosites ( Supplementary Table S8 ). This is in agreement with heat stress-triggered overall pausing of translation elongation, and signalling (Ding et al., 2015; Yu et al., 2017; Li et al., 2017; Zhao et al., 2017) . Therefore, we 3 8 7 used the identified phosphosites to reveal potential phosphorylation motifs and associated 3 8 8 kinases that may act in a high-temperature responsive manner. The Motif-X algorithm was 3 8 9 applied on the set of regulated phosphosites in leaf and spikelet samples separately, using the 3 9 0 sequences of all identified phosphoproteins in either organ as reference (Figure 6) . In the 3 9 1 spikelet, the common SP motif was enriched in both upregulated as well as downregulated phosphosites. This suggested that kinases (and phosphatases) targeting those sites are tightly motif was significantly overrepresented among the upregulated phosphosites (3.61-fold). In 3 9 7 contrast, the downregulated phosphosites showed an enrichment in the basic RxxS motif 3 9 8 (4.37-fold) (Figure 6) . This latter trend was also found in the leaf samples (Figure 6) . Despite 3 9 9 that no motif enrichment was obtained for the upregulated phosphosites in leaf, due to the 4 0 0 small size of the data set, we identified six SD motifs among these sites, which account for ( Supplementary Table S9 ). Since the protein phosphosignature will determine protein behaviour (Salazar and Höfer, 2009), we probed the leaf and spikelet phosphoproteome data for proteins that displayed a 4 2 0 combination of up and down-regulated phosphosites. We found 13 phosphoproteins in the (Table 1) . It is thus very likely that the status of these 4 2 3 phosphosites is not affected by changes in the protein level, but rather by higher temperature-4 2 4 dependent activity of associated kinases and phosphatases. These protein phosphatases and 4 2 5 kinases might be activated by higher temperature and target the phosphosites independently to 4 2 6 generate different phosphoforms of the target protein (Figure 7A) . However, the 4 2 7 phosphorylation and dephosphorylation events might also occur in an interdependent manner 4 2 8 upon higher temperature (Figure 7B) (Salazar and Höfer, 2009; Nishi et al., 2015) . Crosstalk between different or the same type of PTMs is very common (Beltrao et al., 2013; Nishi et al., 4 3 0 2015), but is still not widely explored in plants.
3 1
A complex example is the putative protein kinase TraesCS6B01G377500.3 (Table 1) In addition, we also found proteins with multiple phosphosites that showed the same 4 3 9 deregulation across different temperature (Supplementary Table S10) . A large portion of 4 4 0 these sites are detected together on the multi-phosphorylated peptides. These phosphosites of these phosphosites will require additional investigation on the abundance of the proteins, 4 4 6 e.g. by analysing intact proteins or rather the different proteoforms.
7
Altogether, our data indicated that multiple phosphorylation/dephosphorylation events understanding of stress signalling mechanisms in plants. (Supplementary Figure 4) . The phosphosites are located in the WD40- repeat domain (Figure 8A) , which is crucial for interaction of SPIRRIG with the decapping 4 6 0 protein DCP1 to regulate mRNA decay upon salt stress in Arabidopsis (Steffens et al., 2015) .
6 1
Inspecting the protein sequence, we found the two phosphorylation sites localized in a 4 6 2 sequence window of 10 amino acids of which four are either Ser or Thr (Figure 8B) . Neither homologues, we could also find high frequency of Ser and Thr residues in the same sequence windows in other seed plants (Figure 8B) . While the high occurrence of phosphorylatable during evolution, we suspect that the conformational change of the protein upon stimuli such 4 7 0 2 0 as heat could lead to the preference for one phosphosite over the other by the same kinase.
7 1
This might provide a buffering mechanism to maintain the function of the protein by 4 7 2 differential phosphorylation of neighbouring amino acid residues depending on the 4 7 3 environmental conditions. However, we also do not rule out allosteric or orthosteric 4 7 4 regulation between the two phosphosites that might affect the activity of the protein 4 7 5 (Nussinov et al., 2012) . For the splicing factor TraesCS2D01G281200.1 ( Table 1) containing only S12 (ASAETLARSPpSREPSSDPPR) is uniquely detected at 34°C, while the 4 7 8
doubly phosphorylated peptide of S10 and S12 (ASAETLARpSPpSREPSSDPPR) was 3.4-4 7 9
fold downregulated at the same temperature in the spikelets. We speculate that the phosphorylation switch has been studied in human (Kilisch et al., 2016) . To our knowledge, context of stress responses. It is possible that temperature serves as a signalling switch for In conclusion, we provide the scientific community with the first large scale temperature-sensitive organs. An in-depth analysis showed that the photosynthetic machinery 5 0 0 in the leaf is highly responsive to increased temperature, while epigenetic regulation in the 5 0 1 spikelets seems to be tightly regulated by higher temperature in a phosphorylation-dependent 5 0 2 manner during reproductive development. Furthermore, we observed a core set of common 5 0 3 proteins between both leaf and spikelet, suggesting some conserved mechanisms in these 5 0 4 organs when responding the higher temperature. Nevertheless, we also observed a large 5 0 5 portion of organ-specific regulation. Finally, we exposed a, so far, not reported mechanism of 5 0 6 interconversion of neighbouring phosphorylation residues, which likely plays a key role in 5 0 7 temperature signalling. Taken together, our data set increases the understanding of 5 0 8 temperature signalling in plants. Table S10 List of proteins with multiple upregulated or multiple downregulated phosphosites We thank Michiel Van Bel for assistance in depositing the data in the PTMViewer. We thank Agronomy for Sustainable Development 37, 37. dataset. Fold change is indicated. 
Arabidopsis homologues
Arabidopsis homologue description TraesCS2A01G209100.1 T1371 5.5 S969 2.7 AT3G60240 CUM2, protein synthesis initiation factor 4G TraesCS2D01G281200.1 S12* Unique for 34 °C S12* 3.4 AT5G51300 ATSF1, nuclear localized splicing factor, involved in alternative splicing of some mRNAs. S10
3. Table 1 . List of phosphoproteins exhibit multiple upregulated and downregulated phosphosites. For TraesCS2D01G281200.1, the peptide containing only phosphorylated S12 is upregulated and the doubly phosphorylated peptide (S12 and S10) is down regulated.
